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a b s t r a c t 
The development of an electrochemical biosensor utilising a hairpin DNA probe labelled with methy- 
lene blue for the detection of the TP 53 gene is described. Structural rearrangement of the hairpin probe 
into a linear double DNA strand induced different rates of electron transfer that enabled an increase in 
current upon hybridization. The increase in current observed upon hybridization was studied at differ- 
ent surface probe densities, hybridization times, concentration and length of target DNA sequences. The 
biosensor selectively detected a single nucleotide polymorphism in the TP53 gene affecting residue 175 of 
the p53 protein, with the response more pronounced at shorter hybridization times. Detection of target 
DNA sequences at nanomolar concentrations was achieved and the sensor possessed good operational 
and storage stability. 
© 2021 The Author(s). Published by Elsevier Ltd. 















































The development of DNA biosensors requires reliable, highly 
ensitive and selective systems that are capable of detecting 
nd discriminating single-nucleotide polymorphisms (SNPs) [1] . A 
ange of techniques have been proposed that are based on UV-Vis 
2] , plasmonic [3] , fluorescence spectroscopy [4] , etc. Electrochem- 
cal biosensors have received attention due to potential advantages 
uch as simplicity, low cost, ease of miniaturization, robust gene- 
ensing platforms and high sensitivity that make them attractive 
or use in DNA sensing [5] . Although electrochemical DNA biosen- 
ors suffer from disadvantages such as electrode fouling and non- 
pecific adsorption of biomolecules, they can be used to analyse 
amples with low limits of detection [6] . While DNA biosensors 
re now commercially available [7] , the market for electrochemical 
iosensors is dominated by blood glucose sensors for the monitor- 
ng of diabetes (85% of the global biosensor market) [8] . 
DNA biosensors enable the detection and quantification of spe- 
ific target DNA sequences. The majority of electrochemical DNA 
iosensors are based on hybridization processes, in which a spe- 
ific capture probe recognises a target DNA sequence [9] . This 
ecognition event leads to an increase in the negative charge at the 
lectrode surface due to the negatively charged backbone of DNA # This manuscript is dedicated to Professor Jens Ulstrup on the occasion of his 






013-4686/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access articlend to a conformational change as the single-stranded capture 
robe changes structure from a coiled to a double-stranded DNA 
ntity [7] . The detection limits for electrochemical DNA sensors 
pproach zeptomolar levels [10] . The detection of SNP genosen- 
ors are of interest for the development of commercial genosensors 
11] . In comparison with linear DNA probes, hairpin probes exhibit 
etter discrimination between complementary and SNP-containing 
uplexes [1] , while linear DNA probes exhibit higher sensitivity 
nd a wider linear range than hairpin-based DNA biosensors [12] . 
Hairpin probe DNA consists of a single strand DNA molecule 
n a folded stem-loop configuration [13] . Controlled immobiliza- 
ion of DNA occurs by tethering of a thiol linker at one terminus 
f the ssDNA to the electrode surface. Gold surfaces are predomi- 
antly used for the covalent attachment of DNA via self-assembly 
onolayers due to the strong affinity between gold and sulphur 
14] . Redox labels such as ferrocene-based derivatives and methy- 
ene blue that are covalently bound to DNA possess different rates 
f electron transfer in the hairpin versus the hybridized structure 
 15 , 16 ]. Nevertheless, labelling of the DNA strand is a complex, 
ostly and time-consuming process [14] . However, the main dis- 
dvantage of electrochemical genosensors is the on-off method of 
etection, where the decrease in signal can also be associated with 
esorption of DNA from the electrode [17] . Many effort s have fo- 
used on the development of electrochemical DNA off-on biosen- 
ors [ 18 , 19 ]. One of the simplest “off-on” beacon genosensor plat- 
orms is based on a short sequence of 15-22 nucleotides tethered 
ia a thiolated linker on a gold electrode [1] . The other terminus of under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 
List of sequences of nucleotides. 
Probe DNA Hairpin 5 ́-C 6 -Thiol-TGG GGG CAG CGC CTC ACA ACC CCC A-ATTO-MB2-3 




cDNA 5 ′ -GGT TGT GAG GCG CTG CCC CCA-3 ′ (21 nt) 
SBM 5 ′ -GGT TGT GAG GC A CTG CCC CCA-3 ′ (21 nt) 




cDNA 5 ′ -TGT GAG GCG CTG CCC-3 ′ (15 nt) 
SBM 5 ′ -TGT GAG GC A CTG CCC-3 ′ (15 nt) 
































































































he strand is modified with a redox label that enables detection of 
DNA at nanomolar levels [20] and enables discrimination between 
omplementary and single base mismatch sequences. 
Cancer is a leading life-threatening disease involving alterations 
n the status and expression of multiple genes that cause more 
han 1500 deaths a day [ 21 , 22 ]. Electrochemical sensors have the
otential to increase patient survival rates by the detection of the 
isease at an early stage [ 23 , 24 ]. The tumor suppressor gene TP 53
ene, one of the most commonly mutated genes in human can- 
er [ 25 , 26 ], is involved in cell cycle control and the regulation of
poptosis [ 6 , 27 ]. It is composed of 11 exons and encodes the p53
rotein which contains 393 amino acids. Alterations of the TP 53 
ene or p53 protein function are present in more than 50% of hu- 
an tumours and cancer cell lines [28] . Although the majority of 
umor suppressor genes are inactivated by deletions or truncating 
utations, the TP 53 gene in human tumors often possesses mu- 
ations in exons 4-8 [29] that encode the DNA binding domain of 
he protein. Of the mutations in this domain there are six “hotspot”
esidues (R175, G245, R248, R249, R273 and R282) that commonly 
ccur in almost all types of cancer [30] . 
In this report, we describe an electrochemical DNA biosensor 
or the detection of a target DNA sequence (tDNA) from the TP 53 
ene that enables analysis of target DNA sequences at nanomolar 
evels. The probe DNA sequence was designed to produce a short 
airpin structure and was functionalized with an alkanethiol linker 
nd methylene blue (MB) at the 5 ′ and 3 ′ , terminals respectively. 
he selectivity of the biosensor was studied using tDNA sequences 
f two different lengths (15 and 21 nucleotides). 
. Experimental procedure 
.1. Materials 
Potassium phosphate monobasic (dehydrated, ≥99.0 %), potas- 
ium phosphate dibasic (dehydrated, ≥98.0), magnesium chloride 
exahydrate ( ≥99.0 %), 6-mercapto-hexanol (6-MPA, 97 %), sul- 
huric acid (H 2 SO 4 , 95-98 %) were purchased from Sigma-Aldrich 
reland, Ltd. Sodium chloride ( ≥99.5%) was obtained from Fischer 
cientific Ireland, Ltd. Deionized water with a resistivity of 18.2 
 Ω • cm was generated by an Elgastat Purelab Pulse system (Elga, 
K). 
The hairpin structure and 21 nucleotides (nt) tDNA sequences 
ere purchased from Metabion International AG as the desalted 
rades: a 25 nucleotide hairpin DNA 5 ′ -TGG GGG CAG CGC CTC 
CA ACC CCC A-3 ′ with a C 6 -thiol and ATTO-MB2 in the 5 ′ and 3 ′ 
erminals, a cDNA with 21 nt fully complementary to the probe 5 ′ - 
GT TGT GAG GCG CTG CCC CCA-3 ′ , a single base mismatch (SBM) 
 
′ -GGT TGT GAG GC A CTG CCC CCA-3 ′ and a triple base mismatch
TBM) 5 ′ - GGT TGT GAG G AA A TG CCC CCA-3 ′ . The 15 nt tDNA
equences ( Table 1 ) were purchased as the desalted grade from In- 
egrated DNA Technologies, Inc. 
.2. Preparation of modified electrodes 
Prior to the immobilization of DNA, polycrystalline gold elec- 
rodes (Au) were manually polished using alumina powder ( < 10 2 m diameter) dispersed in deionized water on a polishing pad. Af- 
er rinsing, the electrodes were sonicated in deionized water for 
0 minutes and then placed in an electrochemical cell containing 
.5 M H 2 SO 4 . Polycrystalline gold electrodes were electrochemi- 
ally cleaned by sweeping the potential from -0.2 V to 1.65 V at a 
can rate 0.1 V/s for two scans, washed extensively with deionized 
ater and dried under a stream of nitrogen. Aliquots (10 μL) of 
efined concentrations of hairpin DNA in 20 mM K 2 HPO 4 /KH 2 PO 4 , 
50 mM NaCl, pH 7.4 (phosphate-buffered saline, PBS) were drop 
ast onto the surface of the electrode and incubated for 16 h at 4 °C
o enable modification to take place. After incubation, the hairpin 
odified Au electrodes were rinsed with PBS and dried carefully 
n a stream of nitrogen. A 10 μL aliquot of 2 mM 6-mercapto-1- 
exanol in PBS was placed on the electrode surface and after 60 
inutes, washed with PBS followed by drying of the electrode in 
 stream of nitrogen. For the hybridization process, 10 μL aliquots 
f solutions of tDNA in PBS containing 5 mM MgCl 2 • 6H 2 O were
eposited onto the probe-functionalized electrodes to obtain Au- 
sDNA. The steps for the fabrication of the biosensor are schemat- 
cally described in Figure 1 . 
.3. Instrumentation and procedure 
Electrochemical measurements were carried out at room tem- 
erature in a standard three-electrode electrochemical cell, with 
 Pt wire (ALS Co. Ltd., Tokyo, Japan), Ag/AgCl (3 M KCl) and 2 
m diameter polycrystalline gold disc (IJ Cambria Scientific Ltd) as 
ounter, reference and working electrodes, respectively. A CHI630A 
otentiostat (IJ Cambria, Ltd.) was used for electrochemical mea- 
urements. Electrochemical detection was performed using cyclic 
oltammetry and differential pulse voltammetry over the potential 
ange –0.45 to 0.00 V in PBS. A pulse amplitude of 50 mV, poten- 
ial increment of 1 mV with a pulse width of 16.7 ms was used in
PV. 
The reduction of gold oxide in 0.5 M H 2 SO 4 (second potential 
can) was used to calculate the electrochemically active surface 
rea (A real ) of the gold electrode using a value of 390 μC/cm 
2 for
he capacitance of gold [31] . Values of the roughness factor were 
alculated using the ratio of A real to geometric area (A geo ) of a 2
m diameter polycrystalline gold working electrode. 
The DNA surface coverage ( , pmol/cm 2 ) was calculated using 
quation 1. 
= Q / nF A geo (1) 
here Q (C) is the charge corresponding to reduction of MB in 
he cyclic voltammogram obtained for the folded DNA beacon, n 
he number of electron involved in the reaction (2 e –), F the Fara-
ay constant (96485 ×10 −12 C/pmol) and A geo the geometric area 
f the 2 mm diameter Au-disk. The DNA surface coverage was de- 
ermined by integration of the reduction peak of the second scan 
n the cyclic voltammograms for the folded DNA beacons. The dis- 
rimination factor was calculated using the ratio of the peak in- 
ensities of the duplex structure formed by the cDNA and with the 
arget DNA (either SBM or TBM) of the same length. Storage sta- 
ility measurements were performed using cyclic voltammetry at 
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Figure 1. Schematic representation of the biosensor: (A) polycrystalline gold electrode, (B) gold electrode modified with hairpin DNA via thiol linkers, (C) hairpin modified 





































Figure 2. Cyclic voltammograms of a gold electrode after 16 h exposure to hairpin 
DNA at concentrations of 0.01 μM ( ▬), 0.1 μM ( ), 1 μM ( ) and 10 μM ( ) in 


















efined periods of time after storage in PBS pH 7.4 at 4 °C. The re-
roducibility of the data was verified by measurement with at least 
hree separate electrodes. 
. Results 
Hairpin DNA strands containing 15 and 21 nt complementary 
o the TP 53 biomarker [32] with one stem and one loop were de-
igned. Sequences with a single nucleotide polymorphism (SNP) for 
he mutation of arginine to histidine and with a TBM were also 
esigned. The detection of SBM possessing a mutation (G to A) at 
esidue 175 enables discrimination of the response related to com- 
only occurring mutations that give rise to cancer [33] . 
Polycrystalline gold electrodes with a roughness factor of 
.0 ±0.2 were used for the immobilization of thiolated DNA hair- 
in probes. Subsequently, 6-MPA was adsorbed onto the electrodes 
o minimise non-specific adsorption and allow the hairpin probe 
o attain a conformation that was perpendicular to the surface, en- 
bling higher hybridization efficiencies with tDNA [34] . As the DNA 
robe was immobilized via the 5 ′ end, the duplex structure adopts 
n upright conformation [35] . On placing 10 μL aliquots of solu- 
ions of hairpin DNA at concentrations of 0.01. 0.1, 1 and 10 μM 
nto the electrode surface for 16 h, surface coverages of 4.4 ±0.7, 
.9 ±1.2, 2 ±0.7 and 0.2 ±0.1 pmol/cm 2 respectively were obtained 
 equation 1 ). These values are significantly lower than the maxi- 
um theoretical surface coverage of 30-45 pmol/cm 2 for a mono- 
ayer of DNA [36] . The surface coverages do not exceed 30% of the
aximum coverage for a monolayer [37] and are within the range 
n which a signal gain can be observed upon hybridization. Upon 
ncreasing the probe concentration, higher surface coverages were 
btained ( Figure 2 ). As labelled DNA is an expensive reagent [38] ,
elatively low surface coverages of 3.9, 1.2 and 0.2 pmol/cm 2 were 
sed. The signal variation upon hybridization was studied using a 
ange of concentrations of 21 ( Figure 4 ) and 15 nt ( Figure 5 ) cDNA
equences and a hybridization time of 2 h. 
Insignificant changes in the current (I dsDNA - I ssDNA ) upon hy- 
ridization were obtained for 15 and 21 nt cDNA sequences at sur- 
ace coverages of 0.2 pmol/cm 2 , in agreement with literature re- 
orts, in which no significant change in signal was obtained at sur- 
ace coverages below 1 pmol/cm 2 [20] . In contrast, at higher sur- 
ace coverages of 2.0 pmol/cm 2 , the biosensor exhibited changes 3 n current of 59.6 ±14.1, 18.1 ±2.4, 1.3 ±0.4 and 0.3 ±0.1 nA upon 
ybridization with 21 nt cDNA at concentrations of 1, 0.1, 0.01 
nd 0.001 μM respectively. In contrast, lower currents of 33.2 ±4.8, 
5.2 ±2,0, 1.1 ±0.3 and -3.2 ±1.0 nA were obtained using 1, 0.1, 0.01 
nd 0.001 μM of 15 nt cDNA, indicating that the rate of electron 
ransfer was lower than with the duplex formed with 21 nt cDNA. 
At higher surface coverages of 3.9 pmol/cm 2 , decreases in cur- 
ent of -13.9 ±6.1 and - 26.9 ±7.8 nA were observed for concen- 
rations of 21 nt cDNA of 0.01 and 0.001 μM, respectively. Such 
ecreases in current can arise from desoprtion of DNA from the 
lectrode surface, illustrating a disadvantage of electrochemical 
enosensors [17]. At higher concentrations of 21 nt cDNA, increases 
n current of 29.9 ±14.0 and 7.2 ±2.8 nA upon hybridization were 
bserved at concentrations of 1 and 0.1 μM, respectively. These 
alues indicate that the rate of ET rate is faster at a lower sur- 
ace coverage of 2.0 pmol/cm 2 , a surface coverage at which probe 
NA exhibits higher accessibility and reactivity to 21 nt cDNA. At 
 surface coverage of 3.9 pmol/cm 2 , current changes of 57.6 ±1.4, 
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Figure 3. DPVs obtained for 1 μM hairpin beacon prior to ( ▬) and after hybridiza- 
tion with 1 μM 15 nt cDNA ( ) in PBS pH 7.4 after 2 h of hybridization. 
Figure 4. Influence of probe surface coverage and concentration of 21 nt cDNA on 
















Figure 5. Influence of the probe surface coverage and concentration of 15 nt cDNA 
























8.1 ±4.8, -15.7 ±2.4 and -14.7 ±4.6 nA were observed at concentra- 
ions of 1, 0.1, 0.01 and 0.001 μM of 15 nt cDNA. DPVs of the 1 μM
airpin probe DNA prior to and after hybridization with 1 μM 15 
t cDNA for 2 h are shown in Figure 3 . These values indicate that
5 nt cDNA was more accessible than 21 nt cDNA at a surface cov- 
rage of 3.9 pmol/cm 2 . The response of the 21 nt cDNA strand at
oncentrations of 0.1 μM and 1 μM and of the 15 nt cDNA strand
t concentrations of 1 μM and 1 μM were examined in more detail. 
.1. Kinetics analysis of electron transfer in MB-labelled systems 
Kinetic analysis of the response in the folded and open states 
as performed using cyclic voltammetry at surface coverages of 
.0 ( Figure 6 A) and 3.9 pmol/cm 2 ( Figure 7 A). Peak potential sep-
rations of 26 and 18 mV and peak current ratios (I a /I c ) of 0.45
nd 0.51 were observed at 300 mV/s for the folded state at surface 
overages of 2.0 and 3.9 pmol/cm 2 respectively. The anodic and ca- 
hodic peak currents showed a linear dependence on the scan rate 4  Figure 6 B and Figure 7 B), indicative of a surface controlled process
39] . 
Upon hybridization, the current decreased due to the lower 
ates of ET of MB located a further distance from the surface of 
he electrode ( Figures 8 A and 9 A). At a surface coverage of 2.0
mol/cm 2 , the current obtained upon hybridization with 21 nt 
DNA was almost completely suppressed ( Figure 8 ). 
.2. Selectivity 
The responses in the presence of SBM and TBM sequences were 
ompared with that of cDNA of the same length. The change in 
urrent upon hybridization is dependent on the incubation time 
 Figure 10 and Figure 11 ). An increase of 13.6 ±4.7 nA was observed
or a hybridization time of 1 min with 21 nt cDNA. A maximum in- 
rease of 77.5 ±22.4 nA was observed after hybridization for 5 min., 
a. 5 fold higher than that obtained for the hairpin structure. At 
hort hybridization times of 10 min, the signal increase reached a 
lateau indicating that the hybridization was complete at a surface 
overage of 2.0 pmol/cm 2 . The results showed a response that was 
ot significantly different from that obtained with a 21nt sequence 
G → A), indicating that the biosensor did not display SNP selectiv- 
ty under these conditions. With a 21 nt TBM sequence, a discrim- 
nation factor (I cDNA /I TBM ) of 8.2 at short hybridization times of 1 
inute was obtained, suggesting that the rate of electron trans- 
er was significantly reduced in the presence of three base mis- 
atches. 
An increase in peak current of 44.5 ±5.9 nA and 15.0 ±2.1 was 
observed for a hybridization time of 1 minute with 15 nt 
cDNA and SBM strands, with a discrimination factor of 3.0 
( Figure 11 ). A maximum discrimination factor for SBM of 
3.2 was obtained at hybridization times of 5 min. DPVs of 
the probe and the duplex structures formed after hybridiza- 
tion times of 5 min with 15 nt tDNA sequences are shown 
in Figure 12 . Although the DNA biosensor can discriminate 
between cDNA and SBM in the time range studied, the se- 
lectivity is more pronounced at short hybridization times, 
in agreement with literature reports [40] . The selectivity of 
the biosensor was examined using the 15 nt TBM sequence, 
with no significant response, demonstrating that there was a 
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Figure 6. (A) Cyclic voltammograms of DNA hairpin beacon at a surface coverage of 2.0 pmol/cm 2 at scan rates of 100, 150, 20 0, 250, 30 0, 350 and 40 0 mV/s in PBS at pH 
7.4 and plots of peak current vs. (B) scan rate and (C) square root of the scan rate. 
Figure 7. Cyclic voltammograms of DNA hairpin beacon at a surface coverage of 3.9 pmol/cm 2 at scan rates of 100, 150, 20 0, 250, 30 0, 350 and 40 0 mV/s in PBS at pH 7.4 
and plots of peak current vs. (B) scan rate and (C) square root of the scan rate. 
5 
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Figure 8. Cyclic voltammograms of the duplex structure after hybridization with 21 




Figure 10. Change in peak current of a MB modified hairpin beacon on exposure 











high discrimination factor between the 15 nt cDNA and TBM 
sequences. This selectivity was a result of the hybridization 
efficiencies of the 15 nt tDNA sequences, binding of 15 nt 
cDNA unfolds the DNA loop while mismatched sequences do 
not bind as well to the loop [41] and the hybridization pro- 
cess is not as efficient as with 21 nt cDNA. Farjami et al. re-
ported the design of a 20 nt hairpin DNA that allowed dis- 
crimination between the cDNA and SBM sequences, with a 
maximum discrimination factor of 11 at a hybridization time 
of 10 min [20] . As the cDNA used in that study was not fully
complementary to the hairpin DNA probe, the basepair mis- igure 9. (A) Cyclic voltammograms of the duplex structure after hybridization with 15 
.4 and plots of peak current vs. (B) scan rate and (C) square root of the scan rate. 
6 match significantly affected the rate of ET, resulting in a high 
discrimination factor. 
.3. Stability 
The operational stability of both duplexes was studied by CV 
nd DPV over 50 potential scans. As shown in Figure 13 , the elec-
rochemical response obtained with CV remained constant after 
0 scans, and thus, the electrochemical response was not limited 
y the operation stability of the electrodes. Unlike CV, with DPVs 
he operational stability was limited and thus the number of DPV 
cans should be reduced to a minimum. This effect was more pro- 
ounced for the duplex formed with 21 nt cDNA ( Figure 14 ). Thent cDNA at scan rates of 100, 150, 20 0, 250, 30 0, 350 and 400 mV/s in PBS at pH 
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Figure 11. Change in peak current of a MB modified hairpin beacon on exposure to 
15 nt cDNA ( ), SBM ( ) and TBM ( ) sequences in PBS at pH 7.4. 
Figure 12. DPVs obtained for 1 μM hairpin beacon ( ▬) to 15 nt cDNA ( ), 15 nt 


































Figure 13. CVs of the biosensors as a function of scans in PBS pH 7.4 for the hybridized
hairpin DNA for 2h. B) Duplex structure formed of the 15 nt cDNA with a 3.9 pmol/cm 2 h
7 lectrodes were stored at 4 °C for 7 days and the response com- 
ared with the response from fresh electrodes. Decreases in the 
nodic signal of 1.9 ±0.7 and 0.5 ±0.2 nA were obtained for the hy- 
ridized structure formed by the 21 nt ( Figure 15 A) and 15 nt (Fig-
re 15B) cDNA sequences, indicating that the biosensors possessed 
ood storage stability, in agreement with literature reports [42] . 
. Conclusions 
In summary, a DNA electrochemical biosensor for the detec- 
ion of a sequence of the p53 tumour suppressor gene has been 
escribed. A structural rearrangement of the hairpin probe into 
 linear DNA double strand was induced by binding with cDNA 
f different lengths that enabled the electrochemical detection at 
anomolar scale. Different surface probe densities were used to 
aximise the analytical performance of the biosensor. Using 21 nt 
DNA sequences, the biosensor displayed high discrimination fac- 
or between cDNA and TBM sequences. However, the biosensor did 
ot discriminate between the cDNA and the SBM sequences. Us- 
ng a 15 nt tDNA sequence, the biosensor displayed enhanced dis- 
rimination for SNP, that was more pronounced at short hybridiza- 
ion times. The biosensor also displayed good storage and opera- 
ional stability as measured using cyclic voltammetry. Hairpin DNA 
equences can also be designed for the detection of genetic poly- 
orphism. However, the length of the duplex is an important fac- 
or in the detection of mismatches and can only be considered for 
he diagnosis of relatively short tDNA sequences (less than 21 nt). 
isplacement-based approaches have the potential to play a role 
n clinical analysis due to their relative simplicity, good selectivity 
nd response times. However, the sensitivities of these methods 
till remains low and needs improvement to meet clinical require- 
ents. 
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Figure 14. DPVs of the biosensors as a function of number of scans (1 ( ▬) to 50 ( )) in PBS pH 7.4 for the hybridized duplex DNA modified electrodes using (A) 21 nt 
cDNA with 2.0 pmol/cm 2 hairpin DNA and (B) 15 nt cDNA with 3.9 pmol/cm 2 hairpin DNA. 
Figure 15. Storage stability of the duplex structure for the fresh electrodes (black curve) and after 7 days of storage in PBS pH 7.4 at 4 °C (red curve) A) Duplex formed with 
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